AUTHOR SUMMARY
Bacteria are generally regarded as simple cells with architecture that bears little resemblance to that of the more complex cells of eukaryotes. However, like eukaryotic cells, many bacteria contain cytoskeletons and can build membrane-enclosed organelles with distinct biochemical functions (1) . One fascinating example of compartmentalization is found within magnetotactic bacteria, a diverse group of aquatic microorganisms with the ability to navigate along the earth's magnetic fields (2) . This ability, which is believed to simplify the magnetotactic bacteria search for low-oxygen environments, is mediated by the magnetosome, a specialized subcellular organelle consisting of several lipid invaginations each of which encloses a nano-crystal of the magnetic iron oxide, magnetite (Fe 3 O 4 ), or its sulfide analog, greigite (Fe 3 S 4 ) (2).
Magnetosome assembly and function are governed by a unique set of conserved magnetosome-associated proteins encoded by the magnetotactic bacteria genome. These highly conserved proteins are assumed to be essential for magnetosomal membrane biogenesis, magnetosome alignment, iron transport, and iron biomineralization. Deletion of the magnetosome genomic island (a genomic region that contains the genes needed for magnetosome formation) results in the loss of the magnetosome and the magnetic-orienting ability of these bacteria. These and other observations imply that specific mechanisms must exist for the production of the magnetosome membrane, localization of proteins to this compartment, and assembly of individual magnetosomes into chains (2) .
One of the most abundant and conserved magnetosomeassociated proteins is MamA. While deletion of the mamA gene has no effect on membrane invagination, most of the invaginations formed do not contain iron oxide crystals. Thus, iron accumulation throughout the magnetosome chain is altered in the absence of the MamA protein (3) . Other studies showed MamA to localize to the magnetosomal matrix and to dissociate from this matrix upon treatment with alkaline solution (4) .
MamA was predicted to fold into a structure containing five sequential motifs called tetra-tricopeptide repeat (TPR) motifs, with an additional putative TPR motif at the N terminal. TPR is a structural motif of 34 amino acids, sharing a consensus sequence defined by the pattern of small and large amino acids. Repetitive TPR motifs are found in this format or as part of a bigger fold in a wide range of proteins and organisms, where they promote protein complex formation. In these processes, TPR motifs serve as mediators of protein complex formation (5) .
Magnetosome formation is presumed to involve protein sorting and the assembly of protein complexes. Therefore, we initiated a biochemical and structural study of MamA, a predicted TPR-containing protein expected to mediate magnetosomal protein-protein interactions and to form protein complexes. In this study, we describe the crystal structures of a magnetosome-associated protein, MamA, from Magnetospirillum magneticum AMB-1 and Magnetospirillum gryphiswaldense MSR-1. MamA folds into a sequential TPR protein with a unique hook-like shape. Analysis of MamA structures indicates the existence of two distinct domains that can undergo conformational changes. Furthermore, structural analysis of seven unique crystal forms verified that the core of MamA was not affected by crystallization conditions. By comparing the different crystal forms, we identified two possible protein-protein interaction sites at MamA concave and convex surfaces.
By combining transmission electron microscopy and size exclusion chromatography methodologies, we show that highly stable complexes are formed upon MamA oligomerization. We also demonstrate by isothermal titration calorimetry that a truncated version of MamA lacking the N-terminal putative TPR motif binds a peptide derived from this motif. In addition, disruption of the MamA putative TPR motif or its N-terminal domain led to protein mislocalization in vivo and prevented MamA oligomerization in vitro.
Based on our findings, we propose a model in which MamA self-assembles through its putative TPR motif and its concave site to form a large homooligomeric scaffold. This scaffold can then interact with other magnetosome-associated proteins, using the MamA convex site. Our findings suggest a structural basis for TPR homooligomerization that allows the proper functioning of an organelle-like prokaryotic compartment.
